In production of biodiesel fuel several by-products, such as glycerol and free fatty acids, are formed. The options for applying biochemical methods to process these by-products have been studied. The process of free fatty acid esterification with methanol using Lipozyme RM IM is to be performed in steps, with gradual addition of methanol into the reaction media. In 4 hours of a multi-step process it is possible to esterify up to 60% of free fatty acids. Novozym 435 is not inactivated by methanol, therefore, esterification with methanol of free fatty acids can be performed in one step. Free fatty acid esterification with glycerol is slowed down by admixtures present in by-products of biodiesel fuel production. After 7 hours of reaction, only 82.2% of free fatty acids react when using Novozym 435, and only 41.7% do in a case of Lipozyme RM IM, whereas in the case of esterification of pure oleic acid with pure glycerol the amounts reach 97.7% and 84.8%, respectively. Efficiency of ferment preparation Novozym 435is almost twice higher compared to Lipozyme RM IM. However, taking into account the prices of ferment preparations, it is possible to conclude that Lipozyme RM IM has future prospects in industrial synthesis.
Introduction
The interest in alternative energy sources has been continuously growing, as humankind is becoming increasingly dependent on crude oil and fossil fuel (Akoh et al. 2007) . Because the stock of crude oil has been decreasing, vegetable oils have attracted attention as potential sources of renewable energy (Kumari et al. 2009 ). However, the biofuels obtained from those sources, viz biodiesel fuels, still have rather high production costs and are very slowly finding their place on the market. This slowness is due to inability of these biofuels to compete with fossil fuels in terms of costs, unless they are subsidized by the state. In the EU countries, production of biodiesel fuel is most commonly performed via esterification of rapeseed oil with methanol using sodium or potassium hydroxide (or sodium or potassium methylate) as a catalyst. While chemical catalysis is attractive because of its speed and high output of methyl esters, it also has some drawbacks. One of them is that when chemical catalysis is used in production of raw materials containing a high content of free fatty acids, soaps acting as emulsifiers are formed. It becomes difficult to separate glycerol formed during the transesterification reaction, and subsequently the production of high quality biodiesel fuel that conforms to the requirements of standard EN 14214 is hampered. Therefore, among scienists there is a great interest in development of biotechnological methods to produce biodiesel fuel. In this study, the ferment preparation lipases that catalyze fat hydrolysis, esterification of free fatty acids, and transesterification of triglycerides have been used as catalysts. Application of biotechnological methods to production of biodiesel fuel has several advantages: it may take place under milder conditions (lower temperatures, lower pressure and pH); it contributes less pollution to the environment (Deng et al. 2003) ; it allows for the control of the progress of reaction and increases the production yield (Mat Radzi et al. 2005) .
Biocatalysts are compounds of albuminous origin and can accelerate chemical reaction rates by thousands-folds.
For esterification and transesterification reactions, lipases (ferments of hydrolase class EC 3.1.1.3) are used as catalysts to catalyze the reactions during which hydrolasic decomposition takes place inside of molecules. Apart from this role, a physiological function of ferments is to regulate the circulation of lipids. Lipases can be classified either as strict (when they are selective for a particular substrate structure), or not strict (when they can be used in the hydrolysis reactions of different substrates or in different synthesis reactions). Despite their similar functions as catalysts, lipases of different origins greatly differ in their physical and chemical properties (Goddard et al. 2000; Yang eta l. 2005) .
In the production of biodiesel fuel several byproducts, such as glycerol and free fatty acids, are formed. Effective utilization of these by-products has a potential to increase biofuel production profitability (Gumbyte and Makareviciene 2007, Montrimaite et al. 2010) . Free fatty acids are also formed in the process of vegetable oil refining; however, the demand for vegetable oil is not great, and thus, their price is relatively low. Free fatty acids can be successfully used in production of biodiesel fuel by esterifying them to the same fatty acid methyl esters. These esters are obtained during transesterification of vegetable oil (i.e., when producing biodiesel fuel). The use of biocatalysts is particularly attractive, allowing both esterification and transesterification reactions to be performed at the same time. In contrast, in chemical catalysis esterification of free fatty acids must be performed in a separate step because it is catalyzed by acids, while transesterification requires the use of alkalis (Ergan et al. 2004; Makareviciene and Gumbyte 2008) .
With an increase in biodiesel fuel production volumes, glycerol utilization becomes a problem. Glycerol is formed during a transesterification reaction of triglycerides with methanol and it is separated from biodiesel fuel as by-product. On average, about 7% of technical glycerol is formed from biodiesel fuel produced. This glycerol (approximately of 85% purity, depending on the applied production technology) could be purified up to 99.8% and used in different industries: paper, ester, poly-glycerol ester, tobacco, cellulose, food, beverage, alkyl resin and other branches of industry (Gumbyte and Makareviciene 2007; Makareviciene and Gumbyte 2008; Triphati et al. 2006) . However, refining of glycerol is a rather expensive process, and the supply of glycerol exceeds the market demand. Therefore, it is difficult for biodiesel fuel producers to sell it at profitable prices. Glycerol, like free fatty acids, can be processed by applying biotechnological methods. Through these methods, useful products such as mono-and diglycerides can be obtained, which can be used as emulsifiers and stabilizers in different industries: food, pharmaceuticals, plastics, and lubricants. (Yang et al. 2005; Kowalski et al. 2004; Royon et al. 2007) .
Essentially, production of mono-and diglycerides from glycerol is an analogous process to esterification of free fatty acids, in which the same free fatty acids formed during biodiesel fuel production can be utilized. This process can be performed using the same lipases, and efficient processing of both by-products of biodiesel fuel production would allow a reduction in the costs of biodiesel fuel production and allow an increase in profitability of their production (Gumbyte and Makareviciene 2007; Royon et al. 2007; Warabi et al. 2004) .
The aim of our work was to investigate possibilities of using lipases as catalysts in processing by-products of biodiesel fuel production (free fatty acids and glycerol).
Materials and methods
The following materials were used for the study of glycerolysis and methanolysis processes: − Oleic acid (analytical grade, Ekros, Russia), − Free fatty acids (JSC "Rapsoila", Lithuania);
The following lipases were used as biocatalysts for glycerolysis and methanolysis: − Novozym 435 (lipase from Candida antarctica, immobilised on polypropylene, activity -10 PLU/mg, from Novo Nordisk (Denmark)); − Lipozyme RM IM (lipase from Rhizomucor miehei, immobilised on macro porous plastic, activity -150 IUN/g, from Novo Nordisk (Denmark)); − Lipozyme TL IM (lipase from Thermomyces lanuginosa, immobilised on silica gel, activity -250 IUN/g, from Novo Nordisk (Denmark)); − Lipase F-EC (lipase from Rhizopus oryzae, immobilised on dextrin, activity -150 U/mg, from Musster (Germany)); − Lipase G "Amano"50 (lipase from Penicillium camembertii, activity -50 U/mg, from Musster (Germany)). In this study, the following methods were used: Eterification reaction was performed in a thermo-stated flask mixed at a constant mixing speed (≈ 600 min -1 ) on a magnetic mixer (IKA RCT basic) and the temperature (40 °C or 70 °C).
Formation of the products was determined by a decrease in acidity of the reaction media. Acidity analysis was performed following standard EN ISO 660:2009 Animal and vegetable fats and oils.
Determination of acid value and acidity.
For the study of glycerolysis processes, thin layer chromatography was used.
Results and discussions
In order to select the most efficient biocatalyst (lipase) for esterification of free fatty acids with methanol and glycerol, catalytic efficiency of lipases listed in the section "Materials and Methods" was assessed. In the initial stage, the study was performed using pure reagents -analytical grade oleic acid, glycerol and methanol. Esterification with methanol was performed by using each lipase under the same conditions: reaction temperature (40°C), initial molar ratio of oleic acid and methanol (0.5:1) amount of lipases (3% of the mass of oleic acid). Esterification with glycerol was performed at the same reaction temperature (50°C), with the same initial molar ratio of oleic acid and methanol (1:1) and the same amount of lipases (3% of the mass of oleic acid). The progress of the reaction was assessed according to the decrease in oleic acid concentration in the reaction media.
The obtained data show that in both processes of esterification ferment preparations Novozym 435 and Lipozyme RM IM are of the highest efficiency ( Table  1) . The other examined catalysts have not shown any significant efficiency in the methanolysis process.
The esterification reaction with methanol using Novozym 435 preparation was the most intensive during the first hour, during which almost all of methanol present in the reaction media reacted (47% of oleic acid from possible 50%, based on the ratio of methanol and oleic acid used for the reaction). In esterification with glycerol using lipase Novozym 435, 20% of oleic acid had reacted after only one hour of reaction. Lipozyme RM IM was less effective as a catalyst. After one hour of reaction only approximately 5% of oleic acid had reacted when Lipozyme RM IM was used. However, after two hours, effectiveness of the preparations became similar. In both cases, 60% of oleic acid reacted. When esterification with glycerol was carried on for seven hours and lipases were characterized on the basis of their highest efficiencies, over 80% of oleic acid reacted. Therefore, for the further study of esterification with methanol and glycerol processes, lipases Novozym 435 and Lipozyme RM IM characterized by their higher activities were selected. In order to establish optimal conditions for ferment preparations in esterification processes, the influence of the ferment amount, the temperature and duration of the reaction on effectiveness of esterification have been assessed. Our previous results have shown that the optimal temperature for oleic acid esterification with methanol and glycerol when using lipases Novozym 435 and Lipozyme RM IM is 40°C and 70°C, respectively; the optimal amount of ferment preparation Novozym 435 is 3% of the oleic acid amount, and the optimal amount of Lipozyme RM IM preparation is 7% of the oleic acid amount (Gumbyte and Makareviciene 2007; Makareviciene and Gumbyte 2008) . It has been observed that Lipozyme RM IM is inactivated by methanol. Therefore, the molar ratio of methanol and oleic acid in the reaction media should not exceed 0.5:1. Furthermore, in order to obtain a high yield of esters, it is necessary to perform the reaction in three steps. The optimal duration of this reaction is 1-2 hours, with gradual addition of the necessary amount of methanol (0.5 moles per one mole of oleic acid). Considering the fact that Lipozyme RM IM is 2-3 times cheaper than Novozym 435, its use is quite attractive (Makareviciene and Gumbyte 2008). When oleic acid is esterified with analytical grade glycerol, it is not necessary to perform the process in multiple steps. The optimal temperature of the process is higher and the latter can be performed at up to 70 °C. The optimal amount of lipase is the same as in esterification with methanol, the process duration being four hours.
Because by-products -technical glycerol and free fatty acids formed in production of biodiesel fuel are not pure, it is necessary to evaluate whether it is possible to use them directly in the processes of esterification with methanol and glycerol (i.e. removing the need for purification of by-products and thus saving energy and material costs). For this purpose, it was necessary to assess the effect of admixtures present in non-purified products on the efficiencies of the esterification processes and compare them to pure materials. The composition of technical glycerol used in this study is given in Table  2 , and the composition of the free fatty acids is shown in Table 3 . The process of esterification of free fatty acids with methanol was examined using the most efficient biocatalysts (Novozym 435 and Lipozyme RM IM). The reaction was performed at the reaction temperature of 40°C, a molar ratio of free fatty acids to methanol being 1:1.5. The amount of catalyst was 3% (of the amount of free fatty acids) when Novozym 435 was used, and 7% with Lipozyme RM IM. Considering the fact that Lipozyme RM IM is inactivated by methanol (Makarevičienė et al. 2008 ), a multi-step process was performed for the comparison. Results of the study are presented in Figure 1 . 
Fig. 1. Efficiency of lipases in esterification of free fatty acids with methanol
The data show that when using ferment preparation Novozym 435, similar results are obtained when the process is performed in three steps (adding 0.5 mole methanol per one mole of free fatty acids) and when it is performed in one step (using 1.5 mole of methanol per one mole of free fatty acids). When using Lipozyme RM IM, efficiency of the process is significantly higher when performing it in steps. When 3% of Novozym 435 was used, the reaction was the most intensive during the first hour, during which 59% of free fatty acids were reacted in both one-step and multi-step processes. After two hours, 28% of the free fatty acids remained nonreacted. When continuing the reaction for a longer period of time, the yield essentially did not change. Using Lipozyme RM IM in a one-step process, the reaction of only 12% of free fatty acids resulted after the first hour. During the following hours the yield did not change, it confirmed the fact that methanol inactivated the ferment, as we had established before (Makareviciene and Gumbyte 2008) . In contrast, in the multi-step process 50% of free fatty acids had reacted during the first hour only. During the second hour of the reaction, after addition of 0.5 mole of methanol (per mole of free fatty acids), the reaction proceeded slowly though its mixture contained a sufficient amount of methanol. After three hours the reaction mixture still contained 41% of non-reacted free fatty acids.
In order to assess the possibility of using technical glycerol in esterification of free fatty acids, the study was carried out in two steps. In the first step, esterification with glycerol of pure oleic acid was examined, and in the second step esterification with glycerol of free fatty acids, i.e. a by-product of biodiesel fuel production, was studied. The reaction was performed at 70°C, with a molar ratio of oleic acid (free fatty acids) to glycerol being 1:1 and 3% of Novozym 435 and 7% of Lipozyme RM IM (of the amount of free fatty acids). Results obtained by means of the thin-layer chromatography (TLC) analysis are presented in Figures 2 and 3 , and results of comparative study of reaction media acidity are given in Table 4 .
Results of the TLC analysis show that when analytical grade oleic acid is used (Fig. 2) , effectiveness of the esterification process is much higher if compared to the use of free fatty acids (Fig.  3) . In this case biocatalyst Novozym 435 is much more effective than Lipozyme RM IM.
Together with the TLC analyses, the concentration of oleic acid and free fatty acids in the reaction mixture was determined (taking samples every hour). The obtained results are presented in Table 4 , where the results obtained using pure materials (analytical grade oleic acid and glycerol) for esterification with glycerol are also shown for comparison purposes.
The data show that when using free fatty acids and technical glycerol the efficiency of ferment preparations is lower than that when using analytical grade reagents -oleic acid and glycerol. For oleic acid esterification reaction, when pure glycerol is replaced by technical glycerol, the same results can be achieved in a longer period of time. For example, when using Novozym 435 and when acidity of the reaction mixture is the same as the initial one, the content of free fatty acids goes down to 3.91% in 4 hours when pure materials are used. However, when pure glycerol is replaced with technical glycerol, reaction mixture acidity of 4.1 % can be achieved in 7 hours. The reaction is even more complicated when ferment preparation Lipozyme RM IM is used. When using technical glycerol for esterification of oleic acid, even after 7 hrs of the process, acidity goes down only to 21.1 %. However, after 4 hours, the process, in principle, discontinues and no significant changes in acidity were observed even after increasing the duration further. Meanwhile, when using pure materials in the glycerolysis process, a continuous decrease in acidity was observed, and after 7 hours it reached 11.2 %.
These results show that when Novozym 435 is used as a catalyst in the reaction media where oleic acid and glycerol are of analytical grade, 97.7 % of the oleic acid react in 7 hours. When pure glycerol is replaced with technical glycerol, only 94.3% is reacted in this time frame. When Lipozyme RM IM is used within the same period of time, 84.8% of the oleic acid react using pure reagents, compared only to 70.9% when technical glycerol is used. These observations can be explained by both different activity levels of the ferment preparations and the fact that technical glycerol contains only 87.7% of glycerol.
An even more complex reaction takes place between by-products of biodiesel fuel production: free fatty acids and technical glycerol (Table 4) . In this case, ferment preparation Novozym 435 demonstrates better efficiency. When using this preparation, the maximum reaction rate has been observed during the first hour of the reaction when acidity dropped from 22.5% to 5.47%. When the reaction is allowed to take place over a longer period of time, acidity continued to drop, but not significantly. However, after 5 hours, the rate of decline in acidity slowed down considerably, and after 7 hours it was 3.95%. It is interesting to point out that during the first hour of the process, 75.4% of free fatty acids present in the media of reaction were reacted, and after 7 hours, this percentage increased up to 82.2%. Using Lipozyme RM IM, the maximum change in acidity was observed when the reaction lasted up to 4 hours. During this period acidity decreased from 22.57% to 13.73% (in other words, 39.1% of free fatty acids reacted, whereas in 7 hours only 41.7% did).
After comparing esterificatrion results to those of the glycerol study when using pure materials and by-products of biodiesel fuel production, it is confirmed that ferment preparation Novozym 435 is less responsive to the admixtures present in raw materials. In fact, it is almost doubly-efficient when compared to Lipozyme RM IM. However, taking into account different prices of ferment preparations (Lipozyme RM IM is about 3 times cheaper than Novozym 435), it is possible to conclude that Lipozyme RM IM has future prospects in industrial synthesis. In order to achieve a higher output of esterification products, it is necessary to continue the research into the increased amounts of ferment preparation and perform the process in multiple steps.
Conclusions
In the process of free fatty acid esterification with methanol and glycerol, the highest efficiency was demonstrated by Novozym 435 and Lipozyme RM IM ferments. The process of free fatty acid esterification with methanol using 7% Lipozyme RM IM (in relation to the amount of free fatty acid) should be performed in three steps, with methanol gradually added into the reaction media at 0.5 mole per one mole of oleic acid, as the ferment is inactivated by surplus methanol. Under these conditions, in 4 hours of the multi-step process, it is possible to esterify up to 60% of free fatty acids. This result is in contrast to a single-step process, which results only in 12% of esterification. Ferment preparation Novozym 435 is not inactivated by methanol; therefore, esterification with methanol of free fatty acids can be performed in one step, with the ratio of methanol and free fatty acids in the reaction media being 1.5:1. When using 3% of this ferment preparation, the reaction yields 78% of free fatty acids after 4 hours of the process. Free fatty acid esterification with glycerol is slowed by admixtures present in by-products of biodiesel fuel production. After 7 hours of reaction, only 82.2% of free fatty acids react using Novozym 435, and only 41.7 % do in a case of Lipozyme RM IM, whereas in the case of esterification of pure oleic acid with pure glycerol, the amounts are 97.7% and 84.8%, respectively. The efficiency of ferment preparation Novozym 435 compared to Lipozyme RM IM. is almost twice higher. However, taking into account the prices of ferment preparations, it is possible to conclude that Lipozyme RM IM has more prospects in the future industrial synthesis.
